Continuous-wave generation of the anti-Stokes Raman laser is demonstrated in the new ⌳ scheme Ar II 3dЈ 2 G 9/2 →4pЈ 2 F 7/2 →4sЈ 2 D 5/2 with quasimetastable initial and final levels. Red pump radiation with wavelength p ϭ611 nm from a dye laser that excites transition 3dЈ 2 G 9/2 →4pЈ 2 F 7/2 is converted into the blue radiation at ϭ461 nm (4pЈ 2 F 7/2 →4sЈ 2 D 5/2 ) with efficiency of about 30%. The tunability range spans more than 20 GHz around exact resonance, which is five times broader than the Doppler contour. The output frequency is found to depend linearly on the frequency p of the pump field: Ӎ p p /. A sharp peak of output power is observed in the spectral profile at the exact resonance instead of the well-known two-photon dip. The model is proposed that includes ionic scattering in plasma and interaction of the running pump and standing output waves. The theory offers an interpretation of the observed peak.
I. INTRODUCTION
Many interesting optical effects have attracted particular interest in Raman lasing. Recent examples are nonlinear dynamics, including longitudinal-mode competition and bistability ͓1͔, inversionless gain ͓2͔, amplification of ultrashort pulses ͓3͔, suppression of quantum noise ͓4͔, intracavity electromagnetically induced transparency ͓5͔, and creation of the population inversion on transitions involving the ground state ͓6͔. Meanwhile, one of major purposes of these efforts is to achieve the short-wavelength amplification and generation ͑for reference list see ͓7-9͔͒.
Up-conversion methods are based in general on 3-and 4-level systems. Most progress has been made toward that goal in four-wave mixing schemes ͓10-12͔. However, in the mixing experiments the efficiency was low ͓10͔, or the frequency shift was small ͓11͔, or the output radiation was not continuous ͓12͔. Proposed ''inversionless'' gain schemes with large shifts ͓13͔ have not been experimentally confirmed yet. Thus, in spite of obvious achievements, in principle demonstrations, realization of the continuous powerful up conversion with large frequency shift remains an unsolved problem.
In this view, the Raman ⌳ scheme, Fig. 1 , is still of interest, especially its capability of short-wave generation. The largest frequency shift in continuous mode, from the red to blue spectrum, has been obtained in argon plasma ͓14,15͔. In the experimental configurations, 3d-metastable levels were used as the starting ones (n), while short-lived 4s 2 P 1/2,3/2 served as the final levels (l). This group of states is thoroughly studied, since they are utilized as lower levels in argon-ion laser transitions. The chosen combination of lifetimes provides the maximum population inversion on the Raman transition nl, and as a result, the conversion efficiency increase up to 60%. Since the main lasing channel is provided by the stepwise process, the tunability range for that scheme is limited by the Doppler width. Pump photon is absorbed on the transition nm from initial to intermediate state m, after that the output photon is emitted on the adjacent transition ml.
Schemes with long-lived final level realized in atomic gases, e.g., Ne I ͓16͔, have lower conversion coefficient ͑less than 10%), whenever their tunability range exceeds 100 Doppler widths. The physical reason is the two-photon process that is predominant in these schemes. Simultaneous absorption of the pump photon and emission of the output photon occur. A narrow dip has been predicted in the output spectrum having the width of forbidden transition ͑see, e.g., Refs. ͓17,18͔͒. This two-photon dip was observed in the neon ⌳ scheme 2p 1 →2s 2 →2p 4 with wavelengths p ϭ1.5 and ϭ1.15 m ͓19͔. The spectral profile displayed a dip with the width of forbidden transition between the initial and the final levels.
In the present paper, the scheme of up conversion is proposed for Ar II transitions 3dЈ 2 G 9/2 →4pЈ 2 F 7/2 →4sЈ 2 D 5/2 with a relatively long-lived final state. Level lifetimes in this scheme are close to that in Ne I, while the wavelength shift is much greater. In spite of the close parameters, our measurement does not reveal the expected two-photon dip. A sharp peak is observed in the center of the spectral profile instead.
In contrast to other gas lasers, an additional broadening of nonlinear resonances occurs in ion lasers, in particular the two-photon resonance gets broadened. Analysis of the Coulomb broadening due to ion scattering in plasma is based on a Fokker-Plank type kinetic equation ͑see Refs. ͓20͔ and references therein͒. The small-angle scattering leads to diffusion in the velocity space. This theory was limited by the domain of weak saturation, whereas the strong-field effects FIG. 1. Raman ⌳ configuration with Bohr frequencies mn ϭ(E m ϪE n )/ប and ml ϭ(E m ϪE l )/ប, E j are the levels of energy. The widths of levels are shown schematically by the boxes. Circles denote relative populations.
are important to explain the intracavity photon-ion interaction in the Raman laser. Now the theory is expanded to the case of a strong field in a standing-wave mode. It occurs that either two-photon, or other optical coherence effects are suppressed by the diffusion of phase and turn out to be negligible under a strong field. The only essential broadening is that of population distribution over velocity. The derived expression is appropriate to interpret the peak in the spectral profile, i.e., the output power as a function of the pump frequency.
In Sec. II, we describe the experimental setup. The frequency curve, i.e., the dependence of output frequency on the input one, is shown to be a linear function. The spectral profile with the sharp peak in the center is presented.
In Sec. III, the equations for the density matrix are solved for a three-level ⌳ system with Coulomb scattering. Section III A introduces the kinetic equation for ionic ⌳ scheme, where we take into account the Coulomb small-angle scattering but ignore the contribution of higher spatial harmonics of standing wave ͑rate equations͒ and the coherence effects. Section III B contains estimations of experimental plasma parameters. It is shown that under the considered conditions the diffusion of phase has managed to destroy the coherence between initial and final states. Thus we can ignore the twophoton process with respect to optical pumping. In Sec. III C, the Raman amplification, i.e., the power of standing wave generated in unit volume, is calculated. The simple formula obtained corresponds to a quantum amplifier with optically short active medium neglecting spontaneous decay. In Sec. III D, the more realistic problem is treated. We take into account the propagation effects, i.e., solve the kinetic equation for ions together with equations for the field. The spontaneous decay is also accounted. The formula for selfconsistent output power as a function of input detuning is derived.
Section IV is devoted to comparison between the theory and experiment. The least-square fitting with reasonable parameters is performed. Validity domains of the theoretical model are discussed. Section V summarizes the results.
II. DETUNING CHARACTERISTICS
The three-level ⌳ scheme is shown in Fig. 1 . The input pumping field resonant to transition mn with frequency p is converted into output field with frequency , resonant to transition ml. The wavelengths for Ar II p ϭ611 nm and ϭ461 nm correspond to up-conversion. Starting level n (3dЈ 2 G 9/2 ) is metastable, its radiative decay into the ground state 3p 5 2 P 3/2 is forbidden by the ⌬Jϭ0,1 selection rule. However, in gas-discharge plasma the lifetime of level n is limited by inelastic collisions with electrons and amounts to ⌫ n Ϫ1 Ϸ40 ns ͓15,21͔. The off-diagonal relaxation constant ⌫ nl of forbidden transition is much less than those of allowed transitions ⌫ mn ,⌫ ml . In this case, the effects of two-photon coherence should prevail in the three-level system considered. The ratio of relaxation constants and their absolute values are close to that of the Raman laser in atomic neon 2p 1 →2s 2 →2p 4 . In neon, the coherence effects led to a narrow dip that appeared in the center of the spectral profile. The width of the dip is given by the constant ⌫ nl of the forbidden transition.
Level populations in the argon-laser plasma are governed by the balance between radiation and the collision processes. In the scheme under consideration they are N n Ϸ10 11 cm Ϫ3 ӷN l ϳN m Ϸ10 10 cm Ϫ3 ͓21͔. The starting level is much more populated than other levels. Population inversion on transition ml in conventional discharge is absent, correspondingly the continuous generation was never observed at this line, see Refs. ͓24,25͔.
A sketch of the experimental setup is shown in Fig. 2 . Active medium of the Raman laser was created by means of the low-pressure discharge at current IϷ100 A in 7-mmbored tube T. The length of active part was Lϭ50 cm. Homogeneous pressure distribution along the tube axis was kept with the help of a slow longitudinal flow of gas ͓26͔. The continuous-wave dye laser ͑DL͒ with Rh6G was used for pumping. Its power was up to 100 mW in single-frequency mode at the wavelength of 611 nm. The pump radiation was directed by mirrors into the tube T. Internal mirrors M1, M2 were attached to tube ends by means of vacuum bellows. The reflection coefficient of the mirrors was high at 461 nm and low at 611 nm. The output transmission at 461 nm in the first experiment was about TӍ0.3%. An absorption of the weak signal was also measured; in this measurement the power of the dye laser was lowered. The red and blue lines were separated with diffraction grating ͑DG͒. The spectra of the dye and Raman lasers were registered by scanning interferometers SI1, SI2, photodiodes PD1, PD2 and -meter WM ''Angstroem'' with a sensitivity of 8 digits ͑down to 10 MHz in frequency units͒. The power was measured with photodiodes PD3 and PD4.
During the scanning of pump frequency the data were synchronously written by a PC. Recorded data gave two ex- perimental curves: the generated frequency as a function of pump frequency p ͑Fig. 3͒ and the output power W AS as a function of pump frequency p ͑Fig. 4͒.
Analyzing the data of frequency measurement we conclude that the generation frequency is proportional to the pumping one:
Here ⍀ϭϪ ml and ⍀ p ϭ p Ϫ mn are the detunings. A typical series of experimental points in Fig. 3 proves dependence ͑2.1͒. At different parameters, no deviation from the linear law was observed and the slope was constant. Some scattering of points is originated from jumps between longitudinal modes of the cavity ͑about 100 MHz͒. The detuning range of the Raman laser exceeded 5 Doppler widths (kv T ϭ3.2 GHz). The conversion efficiency at the center was as high as 30%. The most unexpected feature was observed in the spectral profile, Fig. 4 . It was a sharp peak at the center instead of the dip typical for neon atomic lines ͓19͔. The characteristic width of the peak, 500-800 MHz, was much greater than the expected width ⌫ nl Ϸ20 MHz of forbidden transition. The curve had a three-scale structure: a relatively narrow peak at the center, the smooth dip of the nearly Doppler width around, and wide wings. The wings ͑and consequently, the tunability range of the Raman laser͒ were almost independent of the discharge parameters and pump power. The dip exhibited more sensitivity to the discharge current and pressure and disappeared at low currents Iр40 A. It became deeper, on the other hand, by decreasing the pump power. At low-intensity pumping, the generation at the center vanished and a gap formed in the spectral profile with the width about kv T . Here, the generation remained outside the Doppler width.
Surprisingly, in the ''high-Q'' cavity (Tϭ0.3%) the generation on the ml transition ͑461 nm͒ appeared under lower argon pressure pϽ0.1 torr even without pumping. Note that the continuous laser oscillation at this line was never observed, while pulsed generation has been obtained under specific conditions ͓24͔. In our device, long-term operation under low pressure was hard because of discharge instabilities that shorten the tube lifetime. Although experiment in this regime was difficult, it was helpful, since it allowed us to find the reason of the dip formation and to provide the Raman lasing in a ''low-Q'' cavity (Tϭ7%).
It was clarified that the dip in the spectral profile was caused by nonuniform pressure distribution along the discharge axis ͓26͔. Cathode and anode bulbs contained colder ions under higher pressure compared to the plasma column. Under condition N m ϷN l , the contribution of the electrode layers into absorption leads to significant perturbation of the FIG. 5 . Measured spectral profiles in ''low-Q'' cavity (T ϭ7%) at current 70 A along with theoretical curves: P/ϭ6.89 ͑80 mW͒, N/ϭ0.53 ͑curve 1͒; P/ϭ4.65 ͑54 mW͒, N/ϭ0.53 ͑curve 2͒; P/ϭ2.33 ͑27 mW͒, N/ϭ0.53 ͑curve 3͒; P/ϭ2.33 ͑27 mW͒, N/ϭ0.0056 ͑curve 4͒. Pressure was 0.1 Torr ͑curves 1,2, and 3͒ or 0.15 Torr ͑curve 4͒. Doppler line for ml transition. In particular, there existed an operation mode with the absorption at the line center and amplification at wings. The effect manifested itself in multimode generation ͑without pumping͒; its spectral profile, measured near the threshold at high pressure, showed a wide dip that disappeared at lower pressure. It means that similar effect should exist in the spectral profile of small signal gain.
Under lower pressure, when the longitudinal distribution was more smooth, the Raman lasing could be observed in the transparent cavity, i.e., at Tϭ7%. When the pump was off, the integral gain was less than the losses for output mirror transmission. The power of dye laser of about 10 mW ͑in-tensity 0.4 W/cm 2 ) was enough for lasing. Experimental curves, recorded at different discharge parameters and pump power showed no dip, Fig. 5 . A sharp peak was evident against the background of the broad wings. The relative peak height was within 30-50 % in the wide domain of parameters. At low pumping power and relatively high pressure, a single isolated peak was observed without wings. However, the accuracy of measurement under these conditions was low due to strong fluctuations near the threshold. A model interpreting the peak is discussed in the next section.
III. COULOMB DIFFUSION UNDER A STRONG FIELD

A. Basic equations
The standing output wave has the form
E͑x,t ͒ϭE e
Ϫit ͑ e ikx ϩe Ϫikx ͒ϩc.c.,
where frequency is close to Bohr frequency of transition ml, x is the coordinate along the cavity, and c.c. means the complex conjugate term. Let us write the off-diagonal element of the density matrix ignoring higher spatial harmonics e 3ikx ,e 5ikx , . . . :
Polarizations ϩ and Ϫ are induced by the waves running in positive and negative directions, respectively. Here u is the projection of the velocity v onto the wave vector k. The power of induced emission is given by the integral over velocities
where GϭE ml /2ប is the Rabi frequency of the probe field, and ml is the dipole moment of transition ml. In experiment, the external pumping field on transition mn enters the cavity
That is a traveling wave propagated in a positive direction. It excites ions from the long-lived level n to the upper level m, increasing, in doing so, the population inversion on the working transition ml. Amplitudes Ϯ (u) could be found from the kinetic equation ͓20͔ 2 )/ͱv T is the equilibrium population of level j without the field, which has a shape of one-dimensional Maxwellian distribution with thermal velocity v T ϭͱ2T i /m, where T i is the ion temperature in the energy units, and m is the ion mass. In the equation for the density matrix we drop out the terms proportional to polarization nl at the forbidden transition and contribution of the higher spatial harmonics.
The operator of small-angle ion-ion scattering V describes the velocity change of an ion. Random wandering of the ion in the microfield of other charged particles can be presented as a diffusion in velocity space:
where D is the diffusion coefficient, N,e are the ion density and charge, and ⌳ is the Coulomb logarithm ͓27͔.
B. Approximation of strong Coulomb diffusion
The pumping field is in resonance with ions having velocity u * ϭ⍀ p /k p . Nonlinear correction to the population distribution ͑the Bennett holes͒ reaches maximum at uϭu * . In a similar way, the generated field is in resonance with ions of velocity u * ϭϮ⍀/k for the wave running in the positive (ϩ) or negative (Ϫ) direction, respectively. Nonlinear corrections ␦ j (u)ϭ j Ϫ j 0 that appear because of interaction with the fields, have the shape of narrow peaks or dips with extrema at resonant velocities u * . Since the random velocity change of an ion in plasma follows the diffusion law ͱDt, the width of a nonlinear structure cannot be less than the diffusion width ⌬uϭͱD/⌫ j . Under typical experimental conditions ⌫ j ϳ2ϫ10 8 s Ϫ1 , kv T ϳ2ϫ10 10 s Ϫ1 , Dk 2 ϳ(2 ϫ10 9 s Ϫ1 ) 3 , Nϳ10 14 cm Ϫ3 , and T i ϳ1 eV, we can take advantage of the following inequalities:
From the first relation it follows that the diffusion width ⌬u of the corrections is much greater than their collisionless widths. The second relation means that the diffusion width is small compared to thermal velocity v T . If we neglect ion-ion collisions, the gain for the generated wave is induced by optical pumping processes, caused by population transfer from level n to m, and coherent twophoton processes, caused by polarization nl on the forbidden transition. In our case the contribution of two-photon processes can be ignored, since the polarization nl is suppressed by the Coulomb diffusion. Pump and probe waves do modulate the polarization as exp͓i(kϪk p )x͔, then nl turns to zero if the statistical uncertainty of particle coordinate ⌬x approaches /(kϪk p ). Value ⌬x is defined by the velocity diffusion ⌬xϭ⌬u t and grows up with time as ⌬x ӍD Thus, the gain of the generated standing wave has two peaks at resonant frequencies ⍀ϭϮ⍀ p k/k p . Their heights are nearly equal; the width of each is controlled by the diffusion ⌬⍀ϭkͱD/⌫ m . The small-signal gain is independent of the sign of detuning, therefore, both waves seemingly must come to generation. However, even a tiny contribution of coherence effect to the gain coefficient of one wave breaks the symmetry and gives an advantage to one of the two possibilities. This disbalance is enhanced by the nonlinear mode competition ͓28͔, as a result the generation occurs only at ⍀ϭϩ⍀ p k/k p . At the same time, the influence of coherence processes on the generation power is negligible provided
The formation of a single peak in the center of the spectral profile ͓Figs. 4 and 5͔ can be explained merely by population effects. Let us consider the distribution of polarization over velocity u. The population difference ⌬N ml (u) ϭ m (u)Ϫ l (u) at the maximum of nonlinear correction ␦ m , uϭu * ϭ⍀ p /k p , within the Doppler contour is almost independent of ⍀ p . Then, the gain for the copropagating wave is independent of the detuning, too.
At small detuning ⍀ p Շk p ͱD/⌫ m , the wave running in the negative direction may also be amplified due to the population inversion created by the pumping field. Conversely, when the detuning exceeds the diffusion width ⍀ p ϭk p u * ӷk p ͱD/⌫ m , the pumping field creates no inversion for particles with negative velocity uϭϪu * , i.e., ⌬N ml (Ϫu * ) can be ignored. Then the amplification of the opposite wave is absent. Thus, the frequency dependence of the standingwave gain copies the shape of nonlinear correction ␦ m to the upper-level population. Consequently, the deviation from equilibrium occurs even at low output intensity domain, where saturation effects are absent. This feature distinguishes the effect from the Lamb dip ͓28͔. The Lamb dip is a nonlinear effect and it requires saturation on the working transition. The saturation in our case makes the quantitative consideration more complicated, however, it does not change the main conclusion about the diffusional nature of the peak.
C. Raman gain
To derive the expression for spectral profile we take into account the saturation effects on the working transition ml, but restrict our consideration to the linear approximation with respect to the pumping intensity, i.e., ignore saturation on transition mn. The polarization at allowed transitions as a function of velocity u has the shape of narrow contours centered at uϭ⍀ p /k p ϭ⍀/k for ϩ (u) and (u) or uϭϪ⍀/k for Ϫ (u). The width of each contour is determined by the dephasing ␦uϳt D
ӶͱD/⌫ j . In accepted approximations, kinetic equation ͑3.2͒ gives the integrals for polarizations
where
In Eq. ͑3.2͒ for populations, the narrow functions can be replaced by ␦ functions
After this replacement the equations for populations take the following form:
In the Doppler limit kv T →ϱ the set is reduced to algebraic equations that can be solved analytically. First, let us show how to solve set ͑3.4͒ without spontaneous decay (A ml ϭ0), then we treat the general case. We seek the population distributions as two exponential curves
͑3.5͒
Substituting Eq. ͑3.5͒ into Eq. ͑3.4͒ we get the following equations for A j Ϯ :
Expressing the population difference at point uϭϮu * in terms of A j Ϯ again, we obtain a linear set of equations for amplitudes A j Ϯ . Calculated amplitudes allow one to find the power generated from the unit volume at working frequency as a function of the pump detuning ⍀ p using Eqs. ͑3.1͒ and ͑3.3͒:
͑3.6͒
is the Doppler factor, z ϭ2͉⍀ p ͉/k p ͱD/⌫ m is the detuning of the pumping field normalized to the diffusion width, qϭͱ⌫ m /⌫ l is the ratio of diffusion widths of levels l and m, N i j ϭN i ϪN j is the population difference, and pϭ͉G͉ 2 / ͱ Dk 2 ⌫ m and P ϭ͉G p ͉ 2 /ͱDk p 2 ⌫ m are the dimensionless Raman-laser and pump-wave intensity, respectively. Expression ͑3.6͒ consists of two terms. The first one describes the linear absorption or amplification and is proportional to the unperturbed ͑equilibrium͒ population difference N ml at the working transition. The second term is responsible for amplification induced by the optical pumping and proportional to the product PN mn of the pump power and the population difference between starting and intermediate levels N nm . In our experiments N n ӷN m ,N l ; PN nm ӷN ml , therefore the second term, i.e., the optical pumping, prevails. The pumping induces the peak at ͉⍀ p ͉Ͻ0.5ͱDk p 2 /⌫ m . Its shape is described by a sharp exponential curve, a copy of the Bennett peak in the velocity distribution ͑3.5͒ at the upper level m. Its height significantly exceeds the linear amplification. In the case of weak saturation pӶ1, the denominator ͑3.6͒ is independent of z. The contrast C of the peak can be defined as the amplification at its center zϭ0 divided by that at the wings zӷ1. The contrast turns out to be Cϭ2.
In the limit of strong saturation pӷ1, we can ignore 1 in the denominator ͑3.6͒. At qӷ1, i.e., for the long-lived lower level, the narrow peak in the gain contour induced by the pumping is also observable under strong saturation. Its profile is cusplike and given by the exponential curve and its width is determined by the diffusion at the upper level m again. Its contrast Cϭ2 is the same, but its height is lowered by factor pq. In the opposite limit of short-lived lower level qӶ1, as well as for equal relaxation constants qϭ1, the cusp in the gain disappears, since factors (1ϩe Ϫz ) in the numerator and denominator cancel out. In the intermediate case qϾ1, the peak can combine with a wide dip. Its width is limited by diffusion at the lower level l; ⌬⍀ϭ ͱ Dk p 2 /⌫ l . An analogous two-scale contour has been discussed concerning experiments on the Lamb dip in ionic spectra of a twolevel system with different level lifetimes ͓20͔.
D. Self-consistent Raman lasing
To derive the expression for self-consistent generation power of the Raman laser, let us equate the gain of induced radiation to the losses in the cavity
where r is the reflection coefficient of the coupling mirror, 1ϪrӍT, and L is the length of active part of the medium. Neglecting absorption of the pump wave we get the intracavity intensity
is the dimensionless population difference on the working transition, and
is the dimensionless level of losses. While we seek p, we assume the pump power P constant. For a real laser, the pumping field is inhomogeneous along the medium due to its absorption. To take the absorption into account we should average the calculated exponential dependence over the coordinate
where P is the incident intensity of the pump field, ␣ is the absorption coefficient at the line center. If we include also the spontaneous decay at the working transition, the method of calculation is almost identical. The final expression for the output power, including both effects of the spontaneous decay and inhomogeneous pumping field, has the following form In a similar manner as Eq. ͑3.6͒, p(z) could be split into two terms, that describe completely different phenomena. The first term, proportional to Nf T /Ϫ1, is responsible for conventional lasing on the working transition. The second term describes the Raman lasing due to the optical pumping and includes the parameters of all three levels. The first term has a frequency ͑z͒ dependence in the denominator only, which is caused by the saturation effect. When the gain is above the threshold N/Ͼ1, and pumping is negligible ͗P͘ӶNϪ, we obtain the Lamb dip in the spectral profile ͓28͔. Its cusplike profile is determined by the Coulomb collisions ͓20͔.
In the opposite limiting case of strong optical pump ͗P͘ ӷ͉NϪ͉ z dependence enters in both the numerator and denominator of the second term. Generally, they lead to formation of a narrow peak with the diffusion width of the upper level and a wide dip with the diffusion width of the lower level. The qualitative behavior at A 0 remains almost the same. Contrary to Aϭ0, the factors involving z dependence do not cancel each other, even at q→1. Note that the generated power is proportional to the pump power P. This is a particular feature of the Raman laser in contrast to the twolevel laser.
An additional contribution into the peak appears from the first term of Eq. ͑3.8͒ when the losses prevail at the working transition NϽ. This effect is analogous in some respects to saturated absorption peak ͓29͔, but can be observed only at presence of pumping ͗P͘տϪNϾ0. The generation is possible when the optical pump compensates the losses. This contribution is independent of P and allows subtracting it from the total line profile. Moreover, the second term in Eq. ͑3.8͒, proportional to P, starts to dominate already at relatively small excess above the generation threshold.
Thus, the peak in the spectral profile is formed due to diffusion in the velocity space, provided that the widths of resonant structures on levels m and l are different. This difference exists even for equal relaxation constants ⌫ m ϭ⌫ l if spontaneous emission is taken into consideration.
IV. COMPARISON BETWEEN THEORY AND EXPERIMENT
Spectral profiles measured at different pump laser power are shown in Fig. 5 . The experiment was performed within the scope of the theory. Three top curves 1, 2, and 3 were recorded at the same discharge pressure, while for the bottom curve 4 the pressure was higher. In the same picture, the theoretical curves calculated with formula ͑3.8͒ are also presented. Curves 1, 2, and 3 were fitted by parameter q ϭͱ⌫ m /⌫ l and scale factor c. Parameters P/ and N/ have been estimated from independent measurements. In the data processing, the following values are assumed: ϭ2D/v T 2 ϭ0.1⌫ m , N/ϭ0.53, kv T ϭ3.2 GHz, ␣Lϭ1.5, and A ϭ0.5q 2 according to experimental conditions. The fitting was carried out using the central part of the curves (͉⍀ p ͉Ͻk p v T ), since the approximation underlying the theory is not valid at the wings.
As a result of the least-square fitting, the common value qϭ1.3 is obtained for curves 1, 2, and 3. This value corresponds to ⌫ m /⌫ l Ӎ1.7 and agrees with the literature. As mentioned in Sec. II, the data on the lifetime of final level 4sЈ 2 D 5/2 by different authors ͓22,23͔ vary by a factor of 3. The present fitting makes it possible to measure the lifetime ratio more accurately. From known value ⌫ m Ϫ1 Ӎ6 ns we obtain ⌫ l Ϫ1 Ӎ10 ns with collisional deactivation included. For the bottom curve 4, the value qϭ1.3 was assumed and N/ became the fitting parameter. The result is N/ϭ5.6 ϫ10 Ϫ3 , which almost matches the threshold of linear absorption. The independent measurement in the ''high-Q'' cavity agrees well with this value. Figure 5 confirms that the shape of spectral profile persists at increasing P. The width of the peak is governed by the velocity change on level m: ␦ m ϭkv T ͱ/2⌫ m ϭ0.7 GHz. We should take into account that the peak in the spectral profile is twice as narrow as the Bennett-type hole in the velocity distribution in frequency units. The tunability range depends on the excess of the amplification above the generation threshold. The excess is determined by both pumping P and linear gain N in agreement with Eq. ͑3.8͒. The absence of wings under higher pressure is a result of decreased linear gain N at the same pumping P. The same reason increases the fluctuations: points in series 4 are scattered, since the gain approaches the threshold. Figure 5 also indicates that the height of the peak is slightly above the theoretical prediction. Possible explanation is the saturation effect with respect to the pumping field ignored in the theory. At ͉⍀ p ͉Ͼk p v T the contribution of the two-photon coherence effect grows and may lead to the observed deviations at the wings.
Absolute height of the peak ͑minus the pad͒ grows up linearly with pumping P. It points to the main role of the second term of formula ͑3.8͒ proportional to the pumping P and indicates that the effects like saturated absorption ͓29͔ are negligible under experimental conditions. Qualitative understanding of the main processes permits us to compare Fig.  4 with the theory, although the near-electrode plasma absorption is not known exactly. If we fit only the central peak, then the least-squares yield a reasonable parameter qϭ1.2, which agrees with the data extracted from Fig. 5 . The theory does not describe the wings of the spectral profile, average absorption along the tube at the working transition and corresponding absolute value of N significantly changes with the detuning in contrast to the basic assumptions of the theory.
V. CONCLUSIONS
We have shown that peculiarities of plasma as an active medium fundamentally modifies the spectral profile of the ion Raman laser with traveling pump wave and standing output wave. As distinct from the neutral gas, a comparatively broad peak is observed instead of a narrow two-photon dip. Its shape coincides with that of the collisionally broadened Bennett hole at the intermediate level. Its width is about 700 MHz, which exceeds the width of the forbidden transition by more than an order of magnitude.
The convenient theory of Raman lasing is often based on the assumption of output field being weak compared to the pumping power. It therefore ignores the saturation on the working transition. The generated wave in our experiment happened to be strong, so that its interpretation lies beyond the scope of the perturbation theory. We develop the alternative model describing the strong field on the working transition and weak pumping field. The second unusual feature of our theory is collisional dephasing of the forbidden transition polarization. Soft ion scattering in plasma turned out to be sufficient to destroy the coherence effects within the Doppler contour. The theory also provides the answer to the question on why the slope of the frequency characteristics is determined by the ratio of wavelengths even off the Doppler contour. The coherence effect breaks the symmetry between two counterpropagating waves. Because of the nonlinear mode competition, only the wave parallel to the pumping one is generated.
The proposed model describes well the experimental spectral profiles W AS (⍀ p ) for various pump powers and discharge pressures. The sharp peak with contrast 1.5-2 against the smooth background was observed within the broad domain of parameters. Under some conditions the isolated peak without a pad was registered, or the peak inside a smooth dip. Each case agrees qualitatively with the theory.
The shape of spectral profile is very sensitive to the ratio of working level lifetimes ⌫ m /⌫ l and the effective transport frequency . That permits one to utilize the effect for the determination of one lifetime provided the other is known. Such an estimation has been done in the present paper for an Ar II metastable levels in plasma. If both lifetimes are measured independently, then the collision frequency can be extracted from the peak shape. Thus the effect may also be helpful for plasma diagnostics.
